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ABSTRACT
Arbuscular mycorrhizal (AM) fungi are obligate biotrophs that form symbiotic relationships with
80% of vascular plants around the world. Because of their beneficial relationship with plants in almost all
terrestrial ecosystems, the implication of utilizing AM fungi in ecological restorations is immense. The
following investigations seek to increase knowledge of the community ecology of AM fungi in order to
enhance the potential for use of AM in ecological restoration. The first investigation replicated a novel
method of AM visualization in plant roots, utilizing ink and vinegar as less destructive staining agents, to
determine whether molecular studies could be feasibly performed on these roots in light of DNA
degradation from the staining process. Plant DNA amplification from stained roots was attempted in a
polymerase chain reaction, and a 31.3% success rate was observed. Spectrophotometer results indicated
that the extracted quantity of DNA from stained plant roots was on average 2.5 times less than unstained
roots and may indicate that even with the utilization of less caustic chemicals in the staining process,
DNA degradation may still be occurring. It was proposed that more research should be undertaken to find
ways to maximize the quantity of DNA extracted from stained roots and to further mitigate degradation.
The second study investigated whether an observed climatic gradient influenced AM fungal community
composition. Between February and April 2013, a climatic gradient was observed in which large pulses of
rainfall were followed by decreasing rainfall leading to a dry spell. Terminal restriction fragment length
polymorphism analysis was utilized to “barcode” communities with representative taxonomic units from
two different sampling dates. It was determined that diversity assessed with the Simpson index was
significantly greater in February root fragments (p<0.1), as well as principal coordinate analysis indicated
that variability in fungal communities was considerably described by sampling dates. These results
suggest possible influence of a climatic gradient on AM fungal community shifts.

Key Words: arbuscular mycorrhizal fungi, climate gradient, terminal restriction fragment polymorphism,
ink and vinegar staining, community ecology

Ausland 3
TABLE OF CONTENTS
Abstract---------------------------------------------------------------------------------------------------------2
Table of Contents----------------------------------------------------------------------------------------------3
Acknowledgements-------------------------------------------------------------------------------------------4
List of Figures-------------------------------------------------------------------------------------------------5
Introduction----------------------------------------------------------------------------------------------------6
Materials & Methods-----------------------------------------------------------------------------------------10
Results----------------------------------------------------------------------------------------------------------19
Discussion------------------------------------------------------------------------------------------------------30
Conclusions-----------------------------------------------------------------------------------------------------36
References-------------------------------------------------------------------------------------------------------38
Appendix A------------------------------------------------------------------------------------------------------40
Appendix B -----------------------------------------------------------------------------------------------------41
Appendix C------------------------------------------------------------------------------------------------------42
Appendix D------------------------------------------------------------------------------------------------------43
Appendix E-------------------------------------------------------------------------------------------------------44
Appendix F-------------------------------------------------------------------------------------------------------45
Appendix G-------------------------------------------------------------------------------------------------------45

Ausland 4
ACKNOWLEDGEMENTS
First and foremost, I would like to thank Jeff Powell and Jessica Mowle for their generous
support and advice with this project, as well as their assistance with laboratory procedures and statistical
analysis. I am sincerely touched by their enthusiasm and kindness in helping and teaching me. I have
learned so much in this past month it amazes me, and I will never forget this experience. I also would like
to thank the members of the Hawkesbury Institute for the Environment for providing lab equipment and
materials to make this project happen, as well as running a wonderful research organization that will most
definitely benefit society in the coming future. I would like to also thank Chelsea Maier for providing the
climatic data for the study site. In addition, I would like to send a big thanks to Marcus Klein who had to
put up with my numerous questions and experimental problems. I would also like to thank Sara Hortal
Botifoll and Jonathon Plett for taking me out mushroom hunting on Mt. Tomah; I will never look at
mushrooms the same way again! Last but not least, I would also like to thank Tony Cummings and Jack
Grant for their oversight and advice in the ISP process and for all their patience and generosity with
sharing their knowledge and expertise with a bunch of naïve American undergraduates. The last three
months have comprised an incredible experience that will most definitely influence me for the rest of my
life.

Ausland 5
LIST OF FIGURES AND TABLES
Figure 1. Study site details, Page 12
Figure 2. Example of a stained root fragment displaying arbuscular mycorrhizal fungi colonization,
Page 19.
Figure 3. Gel electrophoresis visualization of PCR utilizing DNA from stained and unstained root
fragments, Page 21
Figure 4. Gel electrophoresis visualization of root fragment samples after PCR with general fungal
primers, Page 23
Figure 5. Gel electrophoresis visualization of root fragment samples amplified with AM fungal
specific primers, Page 24
Figure 6. Histogram summarizing OTU richness amongst root fragments, Page 25
Figure 7. Plot illustrating OTU richness of root fragments by corresponding original soil core and
date, Page 26
Figure 8. Plot illustrating OTU diversity of root fragments separated by corresponding original soil
core and date, Page 27
Figure 9. PCoA of fungal community similarity by date, Page 28
Figure 10. PCoA of fungal community similarity soil core sample, Page 29
Table 1. Mean nucleic acid concentration and quality for both stained and unstained root fragments,
Page 20
Table 2. Mean nucleic acid concentration and quality for February and April root fragments, Page 22

Ausland 6
1. INTRODUCTION
Arbuscular mycorrhizal fungi, also known as „AM‟, are microbial fungi that form obligate
symbiotic associations with the roots of plant species from 80% of plant families (Vargas et. al 2009,
Santos et. al 2006). This symbiosis involves exchanging micronutrients and water from fungal hyphae to
plants, while plants provide a source of carbon for AM at exchange sites known as arbuscules (Wong
unpubl., Murray et. al 2010). Belonging to the phylum Glomeromycota, AM fungal symbioses have been
shown to be beneficial in a number of ways, such as increasing plant productivity, water uptake, plant
rates of photosynthesis, as well as play active roles in the ecological processes of litter decomposition,
root respiration, soil respiration, and maintenance of soil stabilization (Vargas et. al 2009). They may also
play pivotal roles in reducing plant pathogen susceptibility and benefit seedling recruitment of plants
(Santos et. al 2006, Vargas et. al 2009). These significant roles that AM play in ecosystems has
increasingly been taken note of in the field of restoration ecology, as scientists seek utilize AM fungi to
restore belowground communities to maximize aboveground community restoration success (Wong
unpubl.). The use of AM fungi for potential restoration efforts rests on the knowledge of how fungal
species interact with other soil microbes and the plant roots they colonize, of which investigations has still
yet to fully understand. Therefore, it is of utmost importance that species and community interactions be
described in order to mitigate anthropogenic disturbance.
In order to assess the structure of underground fungal communities, it is necessary to be able to
identify species as well as quantify the rate of colonization of plant roots either by AM in general or by
each species. Various methods have been employed to accomplish this. Staining has been traditionally
used to quantify the rate of colonization via microscopy, utilizing such chemicals as trypan blue to
visualize the fungal hyphae and arbuscules in the cortical cells of plant roots (Ishii and Loynachan 2004).
Progress has been made with staining techniques, whereby the most prominent stain, the carcinogenic
trypan blue, can be effectively replaced by a solution of black ink and vinegar (Vierheilig et. al 1998).
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Although visualization through staining of AM in plant roots can allow for some scientific
conclusions to be drawn, such as the relationship between hyphal length and plant community richness, it
would be beneficial to be able to identify colonizers and utilize molecular data to relatively quantify how
much of a root is colonized by each fungal species (Bingham and Biondini 2009, Ishii and Loynachan
2004). Therefore, more far reaching conclusions could be made about below ground diversity and
communities. Pitet et. al (2009) compared various methods and combinations of staining components to
determine which yielded an adequate amount of DNA from extraction, and found that utilizing black ink
and vinegar, as well as replacing hydrochloric acid in the clearing step with acetic acid, not only yielded
positive visualization via microscopy, but was also the only staining process that supplied an adequate
amount of DNA from extraction and polymerase chain reaction (PCR) amplification.
Investigating the practicality of attempting to extract and amplify DNA from stained plants roots
is significant to the current studies conducted on arbuscular mycorrhizal fungi, because the physical
visualization and quantification of arbuscular mycorrhizal hyphae and vesicles often involves intensive
staining processes that utilize harsh chemicals, such as trypan blue and hydrochloric acid, which can
degrade cell contents and DNA, leading to the dilemma that while researchers can quantify the rate of
colonization in roots, they may not be able to identify the species colonizing plant roots. As an initial
investigation in this study, the practicality of extracting and amplifying DNA from stained roots will be
explored utilizing the methods of Pitet et. al (2009) as an effort to not increase the explanatory power of
AM studies, but assess the ability to replicate their results as well.
In addition, molecular means of identification are increasingly being used in investigations
regarding AM fungi. Redecker et. al (2003) imparts the benefits of molecular tools, in that molecular
tools are more accurate than identification via spore morphology or staining, for spores are produced at
different times of year and do not necessarily reflect the mycorrhizal fungal community at that point in
time, and varying inclinations to staining by AM hyphae can also provide underestimations to
colonization by different species. The advent of PCR has allowed for incredibly low traces of fungal
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DNA to be amplified by many orders of magnitude, and techniques such as nested PCR can also allow for
selective amplification of AM fungal DNA through the utilization of PCR primers that bind to derived
regions that are specific to members of Glomeromycota (Mummey and Rillig 2007, Redecker et. al 2003).
Identification via genomic sequences can therefore take place, and profiling of species in a particular
community can be obtained. Another molecular method that has shown much promise is terminal
restriction fragment length polymorphism (T-RFLP), analysis, which offers an inexpensive and less time
consuming way to visualize community makeup as well (Redecker et. al 2003, Mummey and Rillig
2007).
T-RFLP analysis involves cutting of labeled PCR amplicons via the use of restriction enzymes at
specific sites within the genome, creating fluorescently labeled fragments called OTUs, or operational
taxonomic units, which will subsequently be read by a fluorescence detector (Mummey and Rillig 2007).
The length and intensity of each fragment is recorded, with length distinguishing unique OTUs, and
intensity indicating the relative abundance of each OTU (Mummey and Rillig 2007). OTUs are utilized
for sampling the taxonomy of a microbial community, with a collection of OTUs from a given
community essentially crating a DNA barcode for that community (Mummey and Rillig 2007). Size
distributions may not allow for the identification of species per se, but will visualize the relative
taxonomic community makeup in samples and can therefore be utilized to make relative conclusions on
richness and abundance. These can then be analyzed with other communities to draw conclusions on the
relative similarity and differences between microbial communities (Mummey and Rillig 2007).
As molecular tools increase the exploratory power of microbial ecologists in identifying and
observing belowground communities, current investigations have yielded insight into how biotic and
abiotic factors influence below ground fungal communities. Wong (unpubl.) found that the presence or
absence of trees had an effect on spore abundance, whereby fallow fields had higher mean spore
abundances than restored plots containing Eucalyptus loxophleba, or York gums. In terms of fungal
physiology and plant community, Bingham and Biondini (2009) observed that increases in hyphal length

Ausland 9
was significantly correlated with plant species and functional form richness, as well as was significantly
higher in plant communities dominated by plants that had high root density, high root to shoot ratios, and
high nitrogen use efficiency.
In terms of abiotic factors, Santos et. al (2006) cite that analyzing soil at differing depths can
illustrate different levels of fungal diversity, and Hausmann and Hawkes (2009) purport that soil type and
habitat fragmentation and can also affect AM community makeup. The abundance of micronutrients in
the soil may also interestingly affect AM presence, with AM fungal species richness negatively related to
the amount of nitrogen and phosphorus present in soils (Santos et. al 2006, Murray et. al 2010). Wong
(unpubl.) and Hausmann and Hawkes (2009) also note that seasonality may play be influential in
determining AM community composition. Vargas et. al (2009) investigated the temporal aspect of AM
fungal communities further, and found that the rate of photosynthesis was related to the rate of respiration
on soils, and purported that varying levels of solar radiation at different times of year may influence the
belowground communities. Santos et. al (2006) noted that in their study a significant seasonal affect on
the community composition, with sequences of all genomic representatives reduced from 90% being
present in June of the study year, to only 55% present in September.
In addition, precipitation and soil moisture in the context of seasonality may also affect AM
fungal communities. Vargas et. al (2009) found a high correlation between the productivity of plants that
associate with AM fungi and the amount of precipitation, suggesting to the researchers that AM systems
may be water limited. Murray et. al (2010) found similar results in their study, whereby AMF spore
species richness was found to be positively correlated with soil moisture. These suggestions of the
potential role that climatic factors play on AM fungal communities and their relationship with the plants
they colonize is intriguing, and further investigation may lead to discovering the implications of including
climatic variables as a component of habitat restoration. Because of the limited knowledge of the
importance of climate to mycorrhizal fungal community structure, this study aims to investigate AM
community structure in the context of an Australian grassland that has undergone a pulse of extensive
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rainfall to a period of limited rainfall in a matter of two months. T-RFLP analysis will utilized to
determine the variability among fungal communities between different root fragments from the two
sampling dates. Thus, in addition to testing whether or not fungal DNA can be amplified from stained
roots, this study will also investigate whether arbuscular mycorrhizal communities change over a climatic
gradient.
2. MATERIALS AND METHODS
2.1 Study Site Description
In order to obtain AM fungi, plant roots had to be extracted from the soil. Soil sampling took
place at a two separate times at a grassland on the University of Western Sydney Hawkesbury campus in
Richmond, New South Wales. The site was originally utilized for pasture grazing, but has since in the late
1990‟s been converted into an experimental study site housing “rainout shelters” that manipulate rainfall
amongst other variables to simulate future climate scenarios and their effect on plants (Figure 1a).
Experiments conducted at the rainout shelter site are managed by researchers at the Hawkesbury Institute
for the Environment (HIE). A grassland and forb community persists around the rainout shelters, with
currently identified species and genera listed in Appendix A.
The site was appropriate for soil sampling as it is regularly monitored, with up to date
environmental data recorded entailing conditions of the site as well as was readily accessible for soil
coring. In addition, this site has been exposed to naturally occurring environmental conditions that will be
investigated in the study. Climatic conditions surrounding the sampling dates were characterized by an
immense rainfall pulse just prior to the initial sampling event in the beginning of February, which
amounted in over five times the amount of rainfall than the previously recorded pulse within the same
month (Figure 1b). This was then followed by a period of decreased, yet still relatively elevated, pulses of
rainfall, leading into a dry spell just prior to the second sampling event on April 8 (Figure 1b). This rapid
flux in precipitation was not the only abrupt climatic gradient seen at the study site; average daily soil
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moisture and the minimum and maximum soil temperatures of the study site were seen to rise sharply, in
less than a month, at approximately the same time just prior to the initial sampling date, and then decrease
prior to the second sampling date (Figures 1c and 1d). It is with these observed rapid climatic changes
that the basis of the fungal community study wishes to investigate.
2.2 Soil Sampling
On Monday, April 8, 2013, ten soil cores were randomly sampled within a 5 m2 plot at the study
site, with random sampling performed in order to gain a more representative nature of samples. Using a
soil sampler, soil cores were extracted from a depth of 10 cm, as this would provide a sufficient amount
of roots to work with. These cores were kept in separate, sealed bags in a cooler room until needed for
root extraction. For root sample extraction, soil from each of the cores was placed in dissecting pans and
probed for non-woody root fragments. Twenty-four root fragments, each approximately 2 cm in length,
were isolated from each of the ten cores to ensure ample amounts of tissue to extract DNA from, resulting
in a total of 240 root fragments. The root fragments were placed in individual 0.2 mL polypropylene tubes
and labeled from which of the ten core samples they were extracted from, then stored at -19°C until
further use. In addition, 240 root fragments were isolated from ten soil cores sampled in the same fashion
on February 6, 2013 by another researcher. These roots will be utilized as well in the following study on
fungal community composition in relation to a climatic gradient.
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Figure 1: Study site details. (a) Photo of study site with HIE rainout shelters (C. Ausland). Figures 1b-d
illustrate data recorded at the study site between September 2012 and May 2013 in 15 min intervals: (b)
Total daily rainfall (c) Average soil moisture (d) Daily soil temperature.
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2.3 Staining
For the staining component of this study, 16 root fragments were utilized from both soil cores
appended as nine and ten from the April 8 collection date. The roots from each of the cores would be
divided into two groups, „stained‟ and „unstained‟. Root fragments not undergoing staining were labeled
as 9.1 to 9.8 from soil core nine, and 10.1 to 10.8 from soil core ten. Root fragments undergoing staining
were appended as 9.9 to 9.16 from core nine, and 10.9 to 10.16 from soil core ten. Roots to be stained
would undergo the protocol outlined in Pitet et. al (2009) that allowed for microscopic visualization of
colonization as well as DNA extraction and amplification; roots would be stained with black ink and
acetic acid as opposed to more intensive chemicals that may prevent molecular analysis of root fragments.
An additional rinsing step was added after the initial clearing step with KOH. Protocol utilized is as
follows: remaining in their polypropylene tubes, roots were soaked in a solution of 1% KOH overnight,
then subsequently rinsed with deionized H2O twice. Immersing the root fragments in 1% KOH is utilized
to break down the cell walls of plants and fungi and clear out cellular contents in order to optimize
visualization. Roots were then soaked in a solution of 5% acetic acid for five minutes as a prestaining
treatment, and then left for 24 hours in a solution of 5% black Parker Quink ink in 5% acetic acid to stain
the roots. The destaining step involved leaving the roots in lactoglycerol until use for microscopic
visualization.
2.4 Microscopy
Stained root fragments were observed under a microscope at 5X, 10X and 20X magnification,
and observed for evidence of stained hyphae, arbuscules, as well as lipid storage vesicles colonizing plant
roots and cortical cells, and it was noted whether or not colonization was present or absent.
2.5 DNA extraction
DNA extraction was carried out using the UltraClean DNA extraction kit (MoBio Laboratories,
Inc., Carlsbad, CA USA). The protocol provided by the manufacturer was followed, and an initial manual
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grinding step was added to potentially increase DNA yields from extraction. DNA extraction was carried
out on all 32 roots samples involved in the stained root study, as well as 80 root samples for the AM
fungal community study. The 80 for the fungal community study samples are derived from 20 soil cores,
10 taken on the April 8, 2013 sampling date, as well from 10 soil cores taken on February 4, 2013. From
each of the 20 soil cores, 4 root samples were utilized for DNA extraction, resulting in 80 samples.
Extracted DNA was stored at 18°C until further need for utilization.
2.6 Spectrophotometer analysis
The quality and quantity of the DNA extracted from roots was evaluated utilizing a
spectrophotometer, specifically the Thermo Scientific NanoDrop 2000c. 1.5 µL of DNA extracted
product was placed on the plate to be read by the spectrophotometer. As nucleic acids absorb light at
approximately 260 nm, the spectrophotometer can therefore be used to measure the concentration, or
quantity of DNA in an extraction sample, as well as assess the quality of DNA based on the ratio of light
reflected back at 260 nm and 280 nm, with 280 nm the absorbency at which other proteins and possible
contaminating compounds absorb. All 32 samples utilized in the staining study and all 80 samples utilized
in the AM fungal fragment analysis study were analyzed with the spectrophotometer. Spectrophotometer
results will be utilized to indicate that the DNA yielded from extraction is in a preferable quantity as well
as quality to allow for feasible PCR amplification of DNA.
2.7 Plant DNA Amplification from Stained and Unstained Root Fragments
For confirmation that DNA can be extracted from stained roots, a polymerase chain reaction was
utilized, as DNA would only amplify from DNA extractions if it were effectively obtained. It was decided
to attempt for amplifying plant DNA, as this would be more abundant than fungal DNA and therefore
more likely to result in amplification. Plant DNA amplification may also be suggestive of the feasibility
of less abundant fungal DNA to be amplified as well. Samples utilized were 8 samples from both sample
cores nine and ten that were to be stained, 8 samples from the two cores that would remain unstained, a
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positive control for the plant DNA and a negative control. In addition, three stained root DNA samples
from each core had their concentrations of DNA doubled: 9.9, 9.13, 9.15, 10.9, 10.12, and 10.13, and also
a negative control. This was done to investigate if concentration of DNA may have an effect on the
viability of PCR amplification in light of a preliminary study, where it was considered that DNA
concentration may be a limiting factor (Appendix B).
The plant primers used were rbcLa_f forward primer and the rbcLa_rev reverse primer
(Integrated DNA Technologies, Coralville, IA). These primers bind to and amplify highly conserved
regions of plant DNA. The reaction mix for each sample was comprised of 2 µL Bioline 10X buffer, 1 µL
of 50mM MgCl2, 0.8 µL of 10 mM dNTPs, 0.1 µL of 100 mM of both the forward primer and reverse
primers, 0.2 µL of Bioline BIOTAQ™ 5u/uL Taq polymerase, 1 µL of template DNA from the root
fragment DNA extract, and 14.8 µL of deionized H2O. The resulting reaction mix for each sample was 20
µL in total. In addition, separate reaction mixtures were created for the six samples with doubled template
concentrations, whereby 2µL of template DNA and 13.8µL of deionized H2O was utilized. All other
components were kept the same.
The subsequent mixtures were placed in a thermal cycler. The PCR profile is as follows: 95°C
for 4 minutes, and then the following steps were repeated for 35 cycles: 94° for 30 seconds, 55°C for 1
minute, 72°C for 1 minute. The amplification process ended with a step at 72°C for 10 minutes and a final
step of resting at 15°C indefinitely. Gel electrophoresis was carried out on the samples to visualize
whether amplification of root DNA occurred, using a 2% agarose gel using the SYBR® Safe DNA gel
stain (Life Technologies Corporation). Gels will be run at 80 volts for 40 minutes to ensure DNA
dispersion through the gel and sufficient banding discrimination.
2.8 AM Fungal DNA Amplification with Nested PCR
For the analysis of the soil community at the study site on the February and April sampling dates,
the extracted DNA from all 80 samples, as well as a negative and positive control, were run through a
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nested PCR, whereby two sets of reactions would be applied to the samples in order to amplify AM
fungal DNA. The primers utilized in the first round of PCR were LR1 and FLR2, which are primers
specific to conserved regions of DNA in fungal taxonomic groups in general. PCR protocol mirrored that
of the staining experiment protocol, whereby a 20 µL reaction mix was created for each sample,
consisting of 2 µL Bioline 10X buffer, 1 µL of 50mM MgCl2, 0.8 µL of 10 mM dNTPs, 0.1 µL of 100
mM of both LR1 and FLR2, 0.2 µL of Bioline BIOTAQ™ 5u/uL Taq polymerase, 1 µL of template DNA
from the sample, and 14.8 µL of deionized H2O. The PCR profile, as outlined in Mummey and Rillig
(2007), included an initial denaturation step at 95°C for 5 minutes, and then ran through 25 cycles of
incubation at 95°C for 1 minute, 58° for 1 minute, 65° for 1 minute, and then ending with a final step at
65° for 10 minutes.
The product obtained from this reaction underwent gel electrophoresis to confirm amplification.
Samples that were positive for fungal DNA were utilized for the next round of PCR, which consisted of
the same reaction mix except for the utilization of 100mM of AM specific primers FLR3 and FLR4
instead. FLR3 and FLR4 are also labeled with fluorescent probes that will label the 5‟ ends of amplified
DNA, which in turn will be utilized to visualize DNA fragments in fragment analysis. The PCR profile
was also the same as the initial PCR that used the LR1 and FLR2 primers, except that 30 cycles instead of
25 cycles were run for amplification. Lastly, another gel electrophoresis was run for the product obtained
from this PCR, and was used to evaluate which samples contained AM fungal DNA that could be utilized
in terminal restriction fragment length polymorphism analysis.
2.9 Restriction Digest and T-RFLP Analysis
Purification of PCR product to be utilized for sequencing was done using the Wizard® SV Gel
and PCR Cleanup System (Promega, Madison, WI). Protocol provided by the manufacturer was followed,
and Solution S5 from the UltraClean DNA Extraction Kit was utilized to elute the DNA from the silica
spin column. Utilizing the restriction enzyme TaqI (Promega), purified PCR product was digested into
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fragments at sites of the genome containing the sequence TCGA on the 5‟ strand of DNA and AGCT on
the 3‟ strand. This would result in fragments of DNA that would be unique to each amplicon digested,
with fluorescently labeled terminal fragments read as operational taxonomic units (OTUs) (Singh et al.,
2006). The intensity that the OTUs fluoresce at, measured as relative fluorescence units (RFUs),
corresponds to the relative abundance of that fragment present in the sample (Singh et al., 2006). It is by
utilizing the relative abundances of OTUs in samples that fungal community structure can be assessed
(Singh et al. 2006).
Digestion was accomplished by creating a reaction mix for each sample that consisted of 16.3 µL
of deionized H2O, 2 µL of 10X Reaction Buffer (Promega), 0.2 µL of 10µg/ µL Aceylated BSA, 1 µL of
template DNA and 0.5 µL of 10 u/µL TaqI restriction enzyme . The samples being digested were placed
in a thermal cycler and held at 65°C for 1 hour to allow the reaction to take place, and then incubated at
80°C for 20 minutes in order to deactivate the restriction enzyme. The samples were then transferred to a
reaction mixture that contained 1 µL purified PCR product, 10 µL highly deionized (Hi-Di) formamide
(Applied Biosystems, Life Technologies, Mulgrave, Victoria, Australia) and 0.3 µL Liz 600 size standard
(Applied Biosystems, Life Technologies, Mulgrave, Victoria, Australia). The reaction mixture samples
were sent through a polyacrylamide gel in a genetic analyzer, in which a fluorescence detector read
terminal fragments that were labeled and recorded their length and intensity. The information read from
each of the samples was then exported into a .cvs file that will be read with the software GeneMapper
(Applied Biosystems, 2009, Mulgrave, Victoria, Australia), and subsequently analyzed.
In GeneMapper, the AFLP default analysis method was utilized to read fragment analysis results.
Chromatograms were produced for each sample, which illustrate via peaks on a graph the length (in base
pairs) and fluorescent intensity in peak height (in RFUs) of terminal fragment OTUs. Fragments 50-500
base pairs were analyzed, to exclude analysis of labeled primers.
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2.10 Statistical Analysis of T-FRLP Results
Data from GeneMapper was transferred into the MS DOS program “TRFLP Final 1106" provided
by Brajesh Singh, and was utilized to generate matrices that described relative abundances of OTUs.
These matrices were utilized for further analysis with the software program R (R Development Core
Team 2008). The statistical analysis package named "vegan" in R was utilized to carry out community
analysis with OTU data. Statistical data acquired using "vegan" included the total number of specific
OTUs identified across all root fragments, as well as using the function "specnumber" to generate a
histogram that summarized the species richness from all of the root fragment samples with amplified AM
fungal DNA. Summary statistics were also generated from the data set. In addition, the function
"specnumber" was also utilized to create a plot of points with the “lattice” package to illustrate the root
fragments, their originating soil core and their date of sampling in conjunction with their OTU richness.
The function "diversity" was utilized similarly, plotting soil core samples and their sampling date against
the Simpson index measure of each root fragment‟s fungal community diversity. A simple ANOVA test
was utilized to assess if there was a significant difference between fungal communities in root fragments
with regards to originating soil core samples and sampling dates for the measures of OTU richness and
diversity.
Next, the functions “wcmdscale” and "vegdist" were utilized to perform principal co-ordinate
analysis (PCoA) in order to assess the variation in the samples using the Bray-Curtis dissimilarity index;
samples were plotted against two axes that are simply the first two lines of best fit that are generated, and
explain a set percentage of variability that exists among the points. Two sets of PCoAs were generated;
one assessing the differences between root fragment fungal communities in regards to sampling date, and
the other in regards to the original soil core that root fragments belong to. PCoA analysis was visualized
using the "plot" function. Lastly, a permutational multivariate ANOVA (PERMANOVA) test, using the
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“adonis” function, was utilized to assess whether there was a significant difference in community
composition observed between root fragments in both sets of PCoA.
3. RESULTS
3.1 Investigation of Feasibility of DNA Extraction and Amplification from Stained Roots
3.1.a Microscopy Analysis
Visualization with a microscope of the 16 stained root fragments illustrated that all samples were
colonized to a varying degree, displaying arbuscules and hyphae within the cortex of the root fragments
(Figure 2).

Figure 2: Example of stained root fragment displaying arbuscular mycorrhizal fungi colonization.
White arrows indicate hyphae within and around root cortical cells.
3.1.b Spectrophotometer Analysis of Extracted DNA from Stained and Unstained Roots
Spectrophotometer analysis of DNA extracted from the unstained and stained root samples
illustrated that on average, nucleic acid concentration was higher in the unstained roots, with unstained
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roots yielding over 2.5 times more DNA in extractions than stained roots (Table 1). In contrast, purity
was greater in the stained samples on average, with the ratio of nucleic acid absorbance to contaminant
absorbance 3.535, as opposed to 2.201 in the unstained samples (Table 1). Spectrophotometer data for all
32 samples is listed in Appendix C.
Treatment

Mean Concentration (ng/µL)

Mean Quality (260/280)

Stained

2.69375

3.535

Unstained

7.14375

2.201

Table 1: Mean nucleic acid concentration (ng/µL) and mean quality, measured as the ratio of
absorbances at 260 nm and 280 nm, for both stained and unstained root fragments.

3.1.c Visualization of Plant DNA Amplification from Stained and Unstained Roots
Assessment of amplification of plant DNA from unstained and stained plant roots was
accomplished through gel electrophoresis. It was found that from soil core nine, DNA samples from all of
the unstained roots were positive for amplification (Figure 3a). In addition, stained root fragments 9.13
and 9.15 illustrated evidence of amplified plant DNA (Figure 3a). In terms of the three stained samples
from core nine which were amplified with twice the amount of template, only one of the samples, 9.13,
was found to have amplified product (Figure 3a). Lastly, the negative control for the 2 µL template
samples showed evidence of amplification (Figure 3a).
In terms of root DNA extracts from the soil core ten, all unstained root fragments except for
sample 10.1 illustrated evidence of plant DNA amplification (Figure 3b). In terms of the stained root
fragments from core ten, DNA extracts from 10.11, 10.12 and 10.14 were positive for amplification of
plant DNA (Figure 3b). In addition, from the three chosen stained root fragments that utilized twice the
amount of DNA template for the reaction, only the extract from root fragment 10.13 exhibited
amplification of plant DNA (Figure 3b).
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Figure 3: Gel electrophoresis visualization of polymerase chain reaction utilizing DNA from
stained and unstained root fragments. (a) Root fragments from April soil core nine. From left to right: 100
base pair ladder; DNA extract from root fragments 9.1 to 9.8, unstained; 9.9 to 9.16, stained; reactions
that utilized 2µL of DNA template from stained root fragments 9.9, 9.13 and 9.15; 1µL negative control;
2µL negative control and positive control (b) Root fragments from April soil core ten. From left to right:
100 base pair ladder; DNA extract from root fragments 10.1 to 10.8, unstained; 10.9 to 10.16, stained;
reactions that utilized 2µL of DNA template from stained root fragments 10.9, 10.12 and 10.13; 1µL
negative control; 2µL negative control and positive control. Banding in a given well indicates presence of
plant DNA.
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3.2 Investigation of Influence of a Climatic Gradient on AM Fungal Community Composition
3.2.a Spectrophotometer Analysis of Extracted DNA from February and April Root Fragments
Spectrophotometer analysis of the 80 root fragments utilized for fungal community analysis is
illustrated in Appendices D and E. Between the two sampling dates, mean concentrations of DNA
extractions were 6.91 ng/µL for the February 6 sampling date and 6.003 ng/µL for the April 8 sampling
date (Table 2). In terms of extraction purity, both sampling dates were considerably similar, with
February root fragment extracts exhibiting a purity ratio at 2.32 and April extracts at 2.19 (Table 2).
Date
Mean Concentration (ng/µL)
Mean Quality (260/280)
February
6.91
2.32
April
6.003
2.19
Table 2: Mean nucleic acid concentration (ng/µL) and mean quality, measured as the ratio of absorbances
at 260 nm and 280 nm, for both February and April root fragments.

3.2.b AM Fungal DNA Amplification with Nested PCR
For the first step in the nested PCR that utilized general fungal DNA primers, 44 out of 80 root
fragments were positive for amplification via gel electrophoresis, indicating that fungal DNA was present
in the DNA extractions from those roots (Figure 4). The amplified fungal DNA from these positive
samples was utilized in the next round of the nested PCR, using primers that amplified specifically AM
fungal DNA. Subsequent gel electrophoresis indicated that all 44 samples were positive for AM fungal
DNA amplification and therefore presence (Figure 5).
3.2.c T-RFLP Analysis
Examination of digested product from the restriction enzyme reaction found that 42 out of the 44
digested samples had product that was able to be recognized by the fluorescence detector and scrutinized
by GeneMapper. The identities of these samples are listed in Appendix F. Eighteen of these samples were
from the April sampling date, whereas 24 were from the February sampling date. In addition, it was found
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from the imported matrices that a total of 82 unique OTUs were identified amongst root fragments, as
illustrated in Appendix G.

Figure 4: Gel electrophoresis visualization of root fragment samples after PCR with general fungal
primers. Banding in a given well indicates presence of fungal DNA. „+‟ indicated positive control, „-‟
indicates negative control. „X‟ indicates unused well.

In terms of OTU richness across root fragments, the minimum number of OTUs from a given root
fragment was 3, while the maximum number of OTUs found in among root fragments was 20 (Figure 6).
The mean number of OTUs identified per root fragment was 9.45 (Figure 6). In addition, the random
distribution displayed by the generated histogram may suggest high variability amongst root fragment
samples and OTU richness (Figure 6).
OTU richness was found to be significantly different between the soil cores that root fragments
originated from (ANOVA, p<0.001), but not between dates of sampling (Figure 7). In addition, OTU
diversity between the 42 root fragments, having been measured with Simpson's index of diversity, was
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found to be significantly different between originating soil core samples and sampling dates (ANOVA,
p<0.001 and p<0.1, respectively) (Figure 8). Visual inspection also illustrated that February roots
fragments had more diverse fungal communities (Figure 8).

Figure 5: Gel electrophoresis visualization of root fragment samples amplified with AM fungal specific
primers. „+ con‟ and „–con‟ indicate positive and negative controls. „X‟ indicates unused well. Banding
indicates presence of AM fungal DNA.

Lastly, fungal communities from each sample were assessed with principal coordinate analysis
(PCoA) for variability in community composition between dates and soil core origin (Figures 9 and 10). It
was found that in terms of variability in community composition attributed to sampling date, a total of
52.6% of this variability could be explained by the first two principal coordinate axes, with the first axis
able to explain 38.5% of the variability, and the second axis being able to explain 14.1% (Figure 9). The
same results were observed for PCoA assessing variability in terms of soil core sample as well (Figure
10).
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Figure 6: Histogram summarizing OTU richness amongst root fragments.

Visual inspection illustrated that fungal communities from April tended to cluster together along
the first and second axes, except for six root fragment communities, which are distributed amongst
communities from February, suggesting greater fungal community similarity with those sampled in
February (Figure 9). In addition, these six April fungal communities originated from the two soil cores
(Figure 10). In contrast, February samples are observed to be more visually dispersed among the plot, and
one February sample was observed to be in close proximity to the dense cluster of April samples (Figure
9). PERMANOVA testing indicated that fungal communities in root fragments were significantly more
similar when they were sampled on the same date (P<0.001) or collected from the same soil core
(P<0.001) (Figures 9 and 10).
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Figure 7: Plot illustrating OTU richness of root fragments by corresponding original soil core and date.
(*) indicates statistical significance.
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Figure 8: Plot illustrating OTU diversity of root fragments by corresponding original soil core and date.
(*) indicates statistical significance.
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Figure 9: PCoA of fungal community similarity by date, assessed with the Bray-Curtis Dissimilarity
Index. Red plotted points represent fungal communities from root fragments sampled in February, and
blue plotted points represent fungal communities from root fragments sampled in April. (*) indicates
statistical significance.
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Figure 10: PCoA of fungal community similarity by soil core sample, assessed with the Bray-Curtis
Dissimilarity Index. Open plotted points represent fungal communities from root fragments sampled in
February, and closed plotted points represent fungal communities from root fragments sampled in April.
Matching colors correspond to fungal communities from root fragments belonging to the same soil core
sample. (*) indicates statistical significance.
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4. DISCUSSION
4.1 Feasibility of DNA Amplification from Stained Root Samples
This investigation has shown that even with following prescribed methods that have been
successful in extracting and amplifying plant DNA from stained root fragments, difficulties still exist in
replicating these reported successes. Out of the 16 unstained root fragments, 93.8% were seen to have
successfully amplified plant DNA, whereas in the stained roots amplified with 1µL of template DNA ,
only 5 root fragments of the 16, or 31.3%, were seen to have successful amplification and gel
visualization. This may be due to the fact that on average, stained root fragments were seen to have 2.5
times less DNA extracted than their unstained counterparts. Utilization of ink and vinegar staining
techniques outlined in Vierheilig et. al (1998) and Pitet et. al (2009) was done to minimize degradation of
DNA in the staining process due to the harsh chemicals involved, but these results suggest that DNA
detriment may be still occurring.
Preliminary studies led to the inclusion of six reactions from stained roots that utilized 2 µL of
template DNA, as opposed to 1 µL. By doubling the DNA concentration of the reactions, it could be
observed whether DNA concentration was a limiting factor to the success of amplification of stained root
samples. It was observed that one third of these reactions, or 2 out of 6, had successful DNA
amplification. Because the success rate of doubled template samples is similar to their standard
concentration counterparts, this may indicate that other factors may be at play, but the small sample size
warrants further investigation into whether or not concentration of DNA extract plays a significant role in
successful DNA amplification from stained root fragments. It is interesting to note that two of the selected
two stained root fragment samples for doubling of template DNA showed unexpected results. DNA
extract from root fragment 9.15 had amplification with 1µL of template DNA, but not in the subsequent
reaction utilizing the 2µL of template DNA. Likewise, the same anomaly was observed with root
fragment 10.12. Causation for such results is unknown, and further investigation into perhaps the
methodological process and its effects on PCR process may specify if human error is to responsible.
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In addition, it was noted that one of the unstained root samples, appended as 10.1, did not show
signs of amplification via gel visualization. Upon investigation into spectrophotometer results, the
extracted DNA from this sample was on the lower end of expected concentrations from unstained roots,
but was not the lowest observed from unstained roots. In addition, the quality of the extracted DNA from
10.1 was greater than the mean quality of the unstained roots, with the root fragment displaying a value of
3.53 to the mean of 2.201. Perhaps experimental error may be attributed to why this sample did not
amplify. In addition, contamination may have been an issue for the reactions that utilized DNA from soil
core nine root fragments, as amplification was present in the 2 µL template negative control, and may
have led to overestimation of the successes in amplifications from those root fragments.
Another interesting observation was that on average, stained root fragments had a greater extract
quality in comparison to unstained roots. Perhaps the staining process itself removed more soil particles
and potential inhibitors for DNA extraction as opposed to the untreated roots, but further investigation
should be carried out to determine if this is the case.
In comparison with previous studies' success in amplifying DNA from stained roots, this study
followed along with Method B in Ishii and Loynachan's (2004) assessment of two DNA extraction
techniques. The researchers found that using MoBio Laboratories' UltraClean DNA isolation kit was
sufficient for AM DNA extraction, as well as provided a purer DNA extract via PCR inhibitor removal in
comparison with not using a DNA isolation kit (Ishii and Loynachan, 2004). Although this study did not
seek to amplify AM fungal DNA but instead plant DNA, Ishii and Loynachan's (2004) assessment
provided implications for fungal DNA isolation; in their study, the final concentration of extract did not
yield enough AM fungal DNA to overcome amplification failure due to lack of template DNA (Ishii and
Loynachan 2004). This may be mitigated by utilizing larger root fragment pieces to increase AM fungal
tissue in roots, and thereby increase AM fungal DNA yield, or use of nested PCR to effectively amplify
more fungal DNA (Ishii and Loynachan, 2004). Pitet et. al (2009) also encountered this problem, whereby
the use of DNA extraction kits for root and soil samples was found to decrease the yield of DNA
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extracted. The use of twice as much root tissue in their staining experiments was successful in obtaining
amplification (Pitet et. al 2009).
Lastly, Pitet et. al (2009) assessed the practicality of AM fungal DNA amplification with respect
to the time between staining and DNA extraction, and found that a greater time delay resulted in the
degradation of DNA in stained roots. It is possible that time may have been a factor in the failure of
application of plant DNA from stained roots in this study, and therefore should be assessed in future
studies in order to maximize extraction yields from stained roots.
4.2 T-RFLP Analysis of AM Fungal Communities in terms of a Climatic Gradient
Soil microbe community analysis has often illustrated the transient nature of such compositions,
with communities turning over on time scales of days or months (Schmidt et. al 2007). This can be due to
a variety of factors influencing soil, either anthropogenic or environmental (Schmidt et. al 2007). It is
with this study that the assessment of a climatic gradient on AM fungal communities was undertaken to
investigate whether community composition was related to sampling date. Although OTU richness was
not significantly different between root fragments in regards to date, OTU diversity measured with
Simpson's index was. Visual inspection of statistical figures indicates that root fragments from February
were more diverse than ones obtained in April. This evidence may suggest that species evenness, or the
equality of each species proportional abundance in the fungal community, in April root fragments
declined in lieu of the decreasing climatic values at the study site.
In addition, fungal communities assessed from February root fragments were seen to be
considerably more disparate between each other, whereas fungal communities from the April sampling
date were observed to prominently cluster along both of the first two axes of principal coordinate
analysis. This may suggest that between the two dates, a shift in fungal community composition occurred
in plant roots at the study site. This shift may have involved not only a change in the taxonomic groups
present, with more variability in taxonomic groups represented in February root fragments, but also the
convergence over time to less proportionally equal and more taxonomically similar fungal communities in
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April root fragments. This shift in community diversity among root fragment may be explained by
climatic gradients and changes in climatic factors. Past research has observed varying taxonomic
dominance in relation to soil moisture (Lekburg et. al 2007). Other studies have implicated effects of
seasonality on fungal communities. For instance, Santos et. al (2006) observed significant decreased
abundances and species richness of AM species in relation to climatic changes, with a 45% decrease in
species richness in a 3 month period. Likewise, Picone (2000) observed that large-spore species in his
study plots increased in abundance during the wet season of his study site. AM fungal richness has also
been observed to be positively correlated with soil moisture as well (Murray et. al, 2010).
Even more far reaching is the observation from past studies that carbon allocation to belowground
symbionts by plants has also been seen to be climatically related (Vargas et. al 2009, Murray et. al 2010).
AM fungal abundances have been seen to increase in seasons correlated with high aboveground growth,
particularly with higher temperatures and higher precipitation, as well as greater allocations of carbon and
phosphorus between symbionts (Allen et. al 1983, Lugo et. al 2003). In addition, increased solar
radiation in summer seasons and the correlated increases in photosynthesis by host plants have been
observed to affect soil respiration, CO2 fluxes and belowground metabolic activity, possibly implicating
the distribution carbon and other resources to AM fungal symbionts (Vargas et. al 2009). Variation of soil
respiration rates at AM fungal dominated study sites have also been highly correlated with interannual
precipitation rates as well (Vargas et. al, 2009). Because carbon is a limiting nutrient for AM fungi, its
increased sequestration from host plants to fungal symbionts may increase species richness and diversity,
as competition exclusion between AM fungal species for carbon is reduced (Murray et. al, 2010). These
observations mirror the increased richness and diversity observed at the HIE study site after the large
pulses of precipitation and increases in soil moisture, and this may suggest that greater allocations of
carbon stores at that time to belowground symbionts may be driving community composition. In contrast,
Dumbrell et. al (2010) observed that diversity measures were negatively correlated with temperature and
amount of solar radiation, with increased diversity in winter months. This led researchers to speculate that
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carbon limitation was driving increased diversity via increased evenness amongst fungal communities
(Dumbrell et. al, 2010). With these instances of conflicting evidence, future studies should be undertaken
to specify if indeed correlations between carbon sequestration and climatic factors influence AM fungal
community diversity.
PCoA illustrated that a number of fungal communities between both dates overlapped in
similarity as well. A single root fragment from the February sampling date was found to be more similar
in fungal community composition to April root fragments rather than its other February counterparts. This
may be indicative of a community that had either shifted its community composition prior to other fungal
communities present in root fragments at the February sampling date, or perhaps already had a persisting
community that was similar to the communities that would precipitate in April. In contrast, six root
fragments from the April sampling date were seen to have fungal communities closer in compositional
similarity to February root fragments. This may be indicative of a lack of fungal community shift in these
root fragments from the February to April sampling dates. Implications of similarity amongst root
fragment communities between the two dates may illustrate the need to include other factors bedside
climatic variables in community composition, which may be even more significant factors in determining
compositional shifts.
In addition to assessing the role of sampling date with fungal community composition, it was
observed that in all of the statistical analyses of the root fragment fungal communities, variation in
community composition was significantly different between the original soil cores that root fragments
were obtained from. The significance of core samples on community composition may support the
findings of other studies, whereby heterogeneity within the study site affected community composition
(Whitcomb and Stutz, 2007; Wong, unpubl.; Lekberg et. al, 2007). For instance, Wong (unpubl.)
observed a presence-absence binary of vegetation on AM fungal communities, whereby the presence of
vegetation was correlated with AM fungal spore proportional abundance.
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It has also been suggested that soil spatial heterogeneity has profound affects upon diversity and
abundance of AM fungi (Wong, unpubl., Lekberg et. al 2007). This may be attributed to soil
characteristic differences in the soil, as well as host plant specificity whereby certain species may be more
prevalent because of plant preference for certain AM species (Bingham and Biodini, 2009). Lekberg et. al
(2007) identified that spatial structure of soils in their study site accounted for a significant proportion of
variation between fungal communities as well. Likewise, the depth from which roots are sampled may
also have an effect on diversity measures (Al-Agely and Reeves 1995). Although roots were obtained
from soil cores that were extracted from 10 cm into the soil, where these root fragments lie within that
vertical root network may affect the fungal community profile obtained, therefore possible depth of root
fragments utilized may be another detail that requires more attention in soil fungi studies (Al-Agely and
Reeves 1995). Further characterization of the site investigated in this study may prove useful in
determining the effects of spatial heterogeneity on AM fungal diversity in the context of a climatic
gradient, and whether spatial heterogeneity factors effectively trump climatic variables in determining
fungal community composition.
Analysis of OTUs through various molecular processes resulted in considerable detraction in
viable root fragments to be analyzed, with only 42 of the original 80 had AM fungal DNA able to be
assessed with T-RFLP analysis. Eighteen of these root fragments belong to the April sampling date and
24 belong to the February sampling date. This decrease in the number of samples used for T-RFLP
analysis may provide biased results. It is interesting to note that the in the initial 80 root fragments
utilized for community analysis, 36 root fragments were negative for general fungal DNA amplification.
Microscopy of stained roots from the initial staining investigation (see section 3.1.a) illustrated a 100%
colonization presence in roots assessed from those two root core samples visualized, therefore it would be
expected that AM fungal presence would be in somewhat higher incidence across root fragments
analyzed. Perhaps human error or sampling error contributed to the decreased incidence of fungal
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presence in root fragments. Therefore, it is recommended that future studies utilize more root fragment
samples in order to avoid bias in reporting results from subsequent decreases in sample size.
5. CONCLUSIONS
In light of the fact that more abundant plant DNA could only be amplified from only 31.3%
stained root samples, it can be presumed that AM fungal DNA extracted from root fragments would most
likely not be amplified. Although Pitet et. al (2009) reported AM fungal DNA amplification successes
with their protocol, this study's attempt at replicating their results did not yield 100% amplification of
plant DNA from all stained root samples. This may indicate that even the substitution of chemicals that
degrade DNA for less caustic ones may not totally prevent degradation in the staining process.
Recommendations for future attempts for plant and AM fungal DNA amplification in stained roots
include utilization of more root tissue, amplification via nested PCR, as well as investigating further ways
to reduce the DNA detriment in the staining procedure. This may be precipitate through the further
utilization of different chemicals, as well as paying heed to the time delay between staining and DNA
extraction. Investigations into whether experimental methodology affects PCR amplification should also
be undertaken, as some stained root samples which amplified sufficiently with 1µL of DNA could not
with 2µL. With greater persistence in determining less detrimental methods of root staining, the
explanatory power of fungal community analysis can be increased and applied to future studies involving
ecological restoration and climate change scenarios.
In terms of the fungal community investigation, variability amongst fungal communities was
explained considerably by sampling date as well as by soil core identity, suggesting not only the influence
of sampling date and therefore possibly climatic gradient factors surrounding those dates, but also spatial
differences within the study site from where soil cores were obtained, but further investigations should be
implemented in order to definitively conclude this. Past evidence has suggested that climatic factors such
as seasonality of solar radiation, precipitation and soil moisture influence host plant allocation of carbon
underground, thereby affecting resource distribution to AM fungal communities, correlating with the
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compositional makeup of AM fungal communities. It would be beneficial to supplement the study
contained herein with investigations into the role of carbon cycling within plant-AM fungal bipartite
networks in order to evaluate the importance of climatic factors on resource allocation in these symbioses,
and whether this is a driving factor in AM fungal community makeup. Furthermore, seasonal and climatic
differences related to other soil characteristics, such as important nutrients of nitrogen and phosphorus,
pH, and soil type should also be assessed.
In conjunction with differences observed between dates, significant similarity was seen between
root fragments belonging to the same soil core sample, suggesting that heterogeneity may exist within the
study site that mediates fungal community composition. For future studies, it would be interesting to
bridge climatic studies with spatial heterogeneity investigations, to see if certain soil characteristics or
host plant species influence the presence of absence of AM fungal community shifts. In addition, it was
observed that the sample size greatly decreased along the process of T-RFLP analysis, from 80 to 42 root
fragments, and therefore it is recommended that future studies should undertake a sufficient sample size
in order to mitigate possible bias that may arise from decreased sample size. Sampling effort has also
been observed to influence assessment of diversity measures, and the necessary amount of samples to
avoid this should be explored before the undertaking of experimental procedures (Whitcomb and Stutz
2007).
Other future areas of study may include interactions between different fungal phyla, where
previously described exclusion of AM fungi by ectomycorrhizal fungi in soils with high moisture content
provide implications for AM fungal community makeup in relation to climatic factors (Gehring et. al
2006). Further research into these interactions may bring to light additional factors affecting AM fungal
community structure, and benefit restoration attempts via more integrated planning with this knowledge.
Likewise, host-symbiont specificity may also be important in shaping fungal community structure, and
taking this into account may also broaden understanding of above and belowground community
interactions (Hausmann and Hawkes 2009). This study gave some illumination to how a climatic gradient
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may influence community shifts of AM fungi, and continuing research on factors affecting AM fungal
communities can greatly benefit future ecological restoration efforts. These potential insights not only can
aid in remediation of degraded habitats, but may also play an increasingly significant role in mitigating
effects of climate change in ecosystems.
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APPENDIX A: Plant Species Identified at Study Site
Acetosella vulgaris
Anagallis arvensis
Avena sp.
Axonopus affinis
Axonopus fissifolius
Bothriochloa
Briza subaristata
Bromus mollis
Bromus sp.
Carex inversa
Centaurium sp.
Centaurium tenuiflorum
Chondrilla sp.
Cirsium vulgare
Commelina cyanea
Conyza sp.
Conyza sumatrensis
Cymbopogon refractus
Cynodon dactylon
Cyperus sp.
Dichelachne sp.
Digitaria didactyla
Digitaria sp.
Eragrostis curvula
Gamochaeta coarctata
Hydrocotyle peduncularis
Hypericum gramineum
Hypochaeris radicata
Hypochaeris sumatrensis
Juncus cognatus

Leontodon taraxacoides
Lotus angustissimus
Lotus sp.
Medicago sp.
Microlaena stipoides
Oenothera stricta
Oxalis corniculata
Oxalis perennans
Paronychia sp.
Paspalum dilatatum
Paspalum sp.
Petrorhagia velutina
Plantago lanceolata
Plantago sp.
Romulea rosea
Romulea
Rosulabryum
Schoenus apogon
Senecio madagascariensis
Setaria parviflora
Sida rhombifolia
Iridaceae sp.
Sporobolus sp.
Trifolium repens
Trifolium sp.
Verbena rigida
Verbinum
Viola betonicifolia
Vulpia sp.
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APPENDIX B: Preliminary Plant DNA Amplification Study

Samples 9.9 and 19.9 are from stained roots, 9.1 and 10.1 from unstained roots. Two positive controls and
a negative control were also included.
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APPENDIX C: Spectrophotometer Results for DNA Extracted from Stained and Unstained Roots
Sample
9.9
910
910
9.12
9.13
9.14
9.15
9.16
10.9
10.1
10.11
10.12
10.13
10.14
10.15
10.16
9.1
9.2
9.3
9.4
9.5
9.6
9.7
9.8
10.1
10.2
10.3
10.4
10.5
10.6
10.7
10.8

Treatment
Stained
Stained
Stained
Stained
Stained
Stained
Stained
Stained
Stained
Stained
Stained
Stained
Stained
Stained
Stained
Stained
Unstained
Unstained
Unstained
Unstained
Unstained
Unstained
Unstained
Unstained
Unstained
Unstained
Unstained
Unstained
Unstained
Unstained
Unstained
Unstained

Concentration (ng/µL)
1.4
1.9
2.1
2.3
2.8
3.2
2.3
3.1
2.3
1.9
1.6
1.4
1.5
2.2
12.4
0.7
4
4.1
10.5
23.4
0.7
9.5
7.7
10.8
1.1
8.6
7
6.4
4
4.1
4.6
7.8

Quality (260/280)
3.51
2.23
2.38
1.52
2
1.4
1.77
1.91
2.08
2.85
2.13
2.4
2.16
2.31
1.7
24.21
2.59
2.29
1.92
1.95
4.28
1.82
2.15
1.96
3.53
1.85
1.85
1.79
1.96
1.67
1.79
1.81
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APPENDIX D: Spectrophotometer Results for DNA Extracted from February Root Fragments
Sample

Concentration (ng/µL)

Quality (260/280)

1.1
1.2
1.3
1.4
2.1
2.2
2.3
2.4
3.1
3.2
3.3
3.4
4.1
4.2
4.3
4.4
5.1
5.2
5.3
5.4
6.1
6.2
6.3
6.4
7.1
7.2
7.3
7.4
8.1
8.2
8.3
8.4
9.1
9.2
9.3
9.4
10.1
10.2
10.3
10.4

4.3
7.9
3.3
28
13.3
3
0.9
3.3
9
3.2
5.7
5
17.7
4.1
4.1
6
6.3
6.2
4.1
3.8
9.8
5.5
4.1
7.4
6.1
5
14.4
3.5
6.1
8.8
3.6
2.9
6.2
6.2
2.3
17.4
3.3
6.1
15.4
3.1

3.03
2.11
2.65
1.86
1.91
2.41
11.34
2.75
2
2.06
1.81
1.97
1.82
1.66
2.03
2.32
2.29
2
2.05
1.95
2.11
1.57
1.49
1.95
2.67
2.45
2.07
1.95
2.08
2.06
2.13
2.3
2.28
1.97
2
1.93
2.27
1.95
1.62
1.92
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APPENDIX E: Spectrophotometer Results for DNA Extracted from April Root Fragments
Sample
1A
1B
1C
1D
2A
2B
2C
2D
3A
3B
3C
3D
4A
4B
4C
4D
5A
5B
5C
5D
6A
6B
6C
6D
7A
7B
7C
7D
8A
8B
8C
8D
9A
9B
9C
9D
10A
10B
10C
10D

Concentration (ng/µL)
Nucleic Acid Conc.
4.8
2.4
3.2
4.5
4.4
3.4
3.3
2
3.8
1.7
3.9
9.9
1.7
5.1
2.4
1
8.4
4.1
3.9
5.5
39.6
16.1
6.5
3.8
2.4
3.6
4.3
3
6.6
2.6
4.4
2.7
4
4.1
10.5
23.4
1.1
8.6
7

Quality (260/280)
260/280
3.67
3.84
3.41
2.47
2.54
2.58
2.56
3.58
2.17
1.51
1.8
1.9
2.12
2.1
2.27
1.58
1.96
2.17
2.21
1.97
1.13
1.39
1.94
2.57
1.48
1.9
2.12
1.75
1.87
1.84
1.88
1.66
2.59
2.29
1.92
1.95
3.53
1.85
1.85
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APPENDIX F: Root Fragments Analyzed with T-RFLP Analysis
"10.2" "10.3" "10B" "10C" "10D" "1A" "2.1" "2.2" "2.4" "2A" "2B" "2C" "3A" "4C" "4D" "5.1" "5.2"
"5.3" "5B" "5C" "5D" "6.1" "6C" "7.1" "7.2" "7.3" "7B" "7C" "7D" "8.1" "8.2" "8.4" "8A" "8B" "8C"
"8D" "9.1" "9.2" "9.3" "9B" "9C" "9D"
APPENDIX G: R Analysis of T-RFLP Matrices

Final row indicates total number of unique OTUs identified from the 42 samples by the fluorescence
detector.

